ABSTRACT In this paper, we investigate the performance of two-way multiple relay non-orthogonal multiple access (NOMA) based networks with hardware impairments (HIs). Especially, opportunistic relay selection scheme is applied to enhance the spectral efficiency along with the spatial diversity. With the increasing of relay's processing capacity, decode-and-forward (DF) protocol is considered in the networks. Based on the proposed relay selection scheme and NOMA protocol, the closed-form expressions for the outage probability (OP) of the system are derived. In order to study the energy efficiency (EE) of the system, simulation results for EE are also obtained. Furthermore, for the purpose of observing the impacts of HIs' level, NOMA protocol and the number of relays on the system performance at high signal-to-noise ratios (SNRs), the asymptotic expressions of the OP are also derived. Finally, Monte Carlo (MC) simulation results are presented to verify the correctness of the analytical results.
I. INTRODUCTION
Non-orthogonalmultiple access (NOMA) is considered as a promising candidate for future 5G and B5G networks [1] . Unlike traditional orthogonal multiple access (OMA) techniques, each user in NOMA can utilize the whole available resources, which leads to an enhanced spectrum efficiency [2] . The spectral inefficiency of OMA can be illustrated with the following simple example. Consider a scenario, where one user with very poor channel conditions needs to be served for fairness purposes, e.g., this user has high priority data or has not been served for a long time. In this case, the use of OMA means that it is inevitable that one of the scarce bandwidth resources is solely occupied
The associate editor coordinating the review of this manuscript and approving it for publication was Haipeng Yao.
by this user, despite its poor channel condition. Obviously, this has a negative impact on the spectrum efficiency and throughput of the overall system. In such a situation, the use of NOMA ensures not only that the user with poor channel conditions is served but also that users with better channel conditions can concurrently utilize the same bandwidth resources as the weak user. As a result, if user fairness has to be guaranteed, the system throughput of NOMA can be significantly larger than that of OMA [3] . In addition to its spectral efficiency gain, academic and industrial researches have also demonstrated that NOMA can effectively support massive connectivity, which is important for ensuring the next generations communication systems [4] - [6] .
Having the ability to provide high spectrum efficiency and energy efficiency (EE), NOMA has recently received significant attentions. The performance of NOMA with randomly deployed users has been studied in [7] , and the user fairness of NOMA was investigated in [8] . In [9] , the impact of user pairing on NOMA has been studied, where the power allocation coefficients were chosen to meet the predefined users' quality of service (QoS) requirements [10] . Recently, the integration of cooperative communication with NOMA has been widely discussed in many treaties [2] , [11] - [13] . Cooperative NOMA has been proposed in [2] , where the user with better channel condition acts as a decode-andforward (DF) relay to forward information. With the objective of improving EE, the application of simultaneous wireless information and power transfer (SWIPT) to nearby user was investigated where the locations of NOMA users modeled by stochastic geometry [11] . Considering the impact of channel state information (CSI), the authors in [12] investigated the performance of amplify-and-forward (AF) relay for downlink NOMA networks, where the exact and tight bounds of outage probability (OP) were derived. To further enhance spectrum efficiency, the performance of full-duplex cooperative NOMA was characterized in terms of outage behaviors [13] , where the relay was capable of switching operation between full-duplex and half-duplex mode.
Among existing treaties on cooperative NOMA mainly focus on one-way relay networks, where the messages are delivered in only one direction, (i.e., from the source to the relay or user destination). On this foundation, the message takes two time slots between the source and destination, which results in a lower spectrum utilization rate. In order to increase the utilization rate of the spectrum, two-way relay technology is introduced in [14] to solve this problem to boost spectral efficiency. In [15] , the authors analyzed the outage performance of a two-way DF relay network with both perfect and imperfect CSI conditions. In terms of CSI, the system outage behavior was investigated for two-way fullduplex DF relay with different users scheduling schemes [16] , [17] . Until now, several works focus on the impact of NOMA on two-way relay networks. In [18] , the authors analyzed the security energy efficiency maximization problem for twoway relay assisted cognitive works with NOMA applied. In [19] , the authors investigated the secure communication problem in NOMA system with subcarrier assignment and power allocation. In [20] , the authors analyzed the energy efficiency maximization problem for two-way relay NOMA networks with energy harvesting.
The former works mainly focus on the single two-way relay network. Multiple relays can bring significant system performance growth by increasing the diversity gain of the network. Relay selection scheme can get the balance between the complexity and efficiency. Among the selection schemes, full relay and partial relay selection schemes are two important parts [21] , [22] . Opportunistic relay selection scheme is the special case of the partial relay selection scheme [23] , [24] .
However, in practice, hardware is not always ideal. Many types of impairments may affect the hardware, for example, phase noise, I/Q imbalance, and high power amplifier nonlinearities [25] - [27] . In [28] , the authors concluded all the factors and proposed a general model which has been cited by most of the related paper. In [29] , the authors studied the impact of hardware impairments (HIs) on two-way relay networks by deriving the analytical expression for the OP. To its regret, they only paid their attentions to the HIs at relay and neglected the HIs at sources. In [30] , two-way multiple antenna multiple relay networks with HIs were studied and all nodes were considered suffering HIs, and the closed-form expression for the OP of the considered network was also derived. In [31] , the authors analyzed the impacts of HIs and partial relay selection scheme on the multiple relay networks. In [32] , the impact of HIs was analyzed based on the cognitive network in the presence of interference. In [33] , the authors investigated the effect of HIs on two-way relay networks with multiple relays. In [34] , the impact of HIs and channel estimation error (CEE) on the cognitive satellite-terrestrial relay network were analyzed.
Until now, there are few papers analyzing the impact of HIs on the performance of the wireless communication networks with NOMA. In [35] , the authors investigated the impact of HIs on the outage performance for cooperative networks with NOMA. In [36] , the authors analyzed the impact of residual HIs on NOMA based AF relaying networks. In [37] , the authors researched the impact of HIs on the NOMA based energy harvesting relaying networks with imperfect weibull channels. In [38] , the effects of HIs and imperfect CSI on the SWIPT NOMA based systems were investigated.
Above all, there is no prior paper both analyzing the effect of HIs and NOMA on the NOMA based two-way multiple relay networks. Motivated by the above discussions, we take the HIs and opportunistic relay selection scheme into account, then we investigate the performance of two-way multiple relay NOMA based networks. Specifically, the major contributions of this paper are summarized as follows:
• Firstly, by taking the HIs and opportunistic relay selection scheme into account, we propose a framework of NOMA based multiple relay networks, where two-way scheme is used to help the signal transmission. Besides, the HIs system model of the two-way multiple relay cooperative network is established according to the literatures [28] and [39] , which is practical and commonly applied approach in relay networks. Moreover, opportunistic relay selection scheme is used to enhance the system performance.
• Secondly, based on the principle of opportunistic relay selection scheme [23] , [24] , the closed-form expressions for the OP of the considered network are derived with DF protocol. Moreover, the simulation results for EE are also derived to show the advantage of NOMA in EE merit.
• Finally, to gain more sights at high SNRs, the asymptotic OP expressions for the system performance of DF protocol are also derived, from which we can obtain that the HIs level and the number of relays have great effects on the system performance at high SNRs.
The rest of this paper is constructed as follows. The system model and problem formulation are provided in Section 2. In Section 3, the system performance of the considered networks is investigated. In Section 4, computer simulations are provided to verify the correctness of the theoretical results. In Section 5, a brief summarization of this paper is provided.
Notations: Bold uppercase letters denote matrices and bold lowercase letters denote vectors; |·| presents the absolute value of a complex scalar; exp (·) is the exponential function, E [·] denotes the expectation operator, CN (a, b) is the complex Gaussian distribution of a random vector a. The abbreviations and acronyms are given in Table 1 . 
II. SYSTEM ILLUSTRATION AND PROBLEM FORMULATION
As provided in Figure 1 , this paper studies a two-way multiple relay networks, which consists of N two-way relays R, two pairs of NOMA users T 1 = {S 1 , S 2 } and T 2 = {S 3 , S 4 }.
By assuming that S 1 and S 3 are the nearby users in group T 1 and T 2 , respectively. On the other hand, S 2 and S 4 are the users faraway also in group T 1 and T 2 , respectively. The communication takes place with the help of N relays, which means that the exchange of information between group T 1 and T 2 is facilitated via the assistance of a DF relay with two antennas, namely A 1 and A 2 . User nodes are equipped with single antenna and can transmit the superposed signals [28] . 1 In addition, we assume that there is no direct link between two pairs of users for the reason that heavy fading or strong shadowing. Without loss of generality, all the channels are subject to Rayleigh fading. Opportunistic relaying selection scheme is expressed as follow: the system selects the relay link which has the largest signal-to-interference-plus-noiseand-distortion ratio (SINDR) among all the relay links.
In the first time slot, the users in T 1 and T 2 transmit their signals to the i-th R, respectively. Hence the received signal at the i-th R is given by
where h S 1 R i denotes the complex channel coefficient of S 1 ↔ R i shown as Rayleigh fading, P S is the transmit power, x 1 (t) is the transmitted signal from S 1 with E |x 1 (t)| 2 = 1, η 1 (t) is the distortion noise due to HIs satisfying η 1 (t) ∼ CN (0, k 1 P S ), h S 2 R i denotes the complex channel coefficient of S 2 ↔ R i shown as Rayleigh fading, x 2 (t) is the transmitted signal from S 2 with E |x 2 (t)| 2 = 1, η 2 (t) is the distortion noise due to HIs satisfying η 2 (t) ∼ CN (0, k 2 P S ), k 1 and k 2 are the HIs level at S 1 and S 2 , respectively. 1 ∈ [0, 1] denotes the impact level of interference signal (IS) at the i-th R. n R i (t) is the additive white Gaussian noise (AWGN) with
, a 1 and a 2 are the power allocation factors with a 1 < a 2 and a 1 + a 2 = 1. I R iT 2 (t) is obtained as
is the distortion noise due to HIs satisfying η 3 (t) ∼ CN (0, k 3 P S ), h S 4 R i denotes the complex channel coefficient of S 4 ↔ R i shown as Rayleigh fading. x 4 (t) is the transmitted signal from S 4 with E |x 4 (t)| 2 = 1, η 4 (t) is the distortion noise due to HIs satisfying η 4 (t) ∼ CN (0, k 4 P S ). k 3 and k 4 are the HIs level at S 3 and S 4 , respectively [40] . a 3 and a 4 are the power allocation factors due to NOMA scheme satisfying a 3 < a 4 and a 3 + a 4 = 1.
From (3), the i-th R first decodes the signal of S 1 namely x 1 (t) by regarding x 2 (t) as an IS. Hence the received SINDR at the i-th R to detect x 1 (t) is given as (3), which is shown at the top of next page. In (3),
After successive interference cancellation (SIC) 2 is utilized at the i-th R for detecting x 2 (t), the SINDR received at the i-th R to detect x 2 (t) is given by 3
With the similar methods, the received signal at the i-th R for detecting x 3 (t) and x 4 (t) are derived as
Hence the SINDRs for detecting x 3 (t) and x 4 (t) are obtained as (6) and (7), respectively. (6) is shown at the top of next page.
During the second time slot, the i-th R simultaneously forwards the received signal to S j (j = 1, 2, 3, 4) with DF protocol. In what follows, without loss of generality, we take S 3 for an example, hence the received signal at S 3 4 from the i-th R is given by
where b 1 and b 2 are the power allocation factors for the signal with b 1 < b 2 and b 1 + b 2 = 1 in the second time slot. P R i is the transmitted power at the i-th R.
2 In this paper, we consider the perfect SIC [35] , [36] , however, our analysis results are still fit for the cases with imperfect SIC. 3 Here, it should be noted that, the residual IS is also modeled as Rayleigh fading channels, the detailed explanations will be given in the following appendix. 4 For S 3 receives the signal from S 1 . 5 In order to simplify the analysis, in this paper, we assume that P S = P R without loss of generality.
Based on SIC, the received SINDR at S 3 to detect x 2 (t) is given by
Then S 3 detects x 1 (t) and gives the corresponding SINDR as follows:
In addition, the received SINDR at S 4 to detect x 2 (t) is derived as
By the similar methods, the received SINDRs at S 1 for detecting x 4 (t) and x 3 (t) are, respectively, given by
where b 3 and b 4 are the power allocation factors with b 3 < b 4 and b 3 +b 4 = 1. k R 3i and k R 4i are the levels of HIs for different signal at S 1 , respectively. Then, the final SINDR at S 2 for detecting x 4 (t) is given by
III. SYSTEM PERFORMANCE In this section, the end-to-end SINDR, the exact and asymptotic closed-form expressions for the OP of the considered two-way NOMA based multiple relay network with HIs are obtained, respectively. Besides, the analysis for EE is also derived.
A. THE END-TO-END SINDR OF THE SYSTEM
In what follows, the final SINDRs of the system for the considered networks are obtained in the following, respectively. As DF protocol is applied at the two-way relays, with the help of (3) and (10), hence the final SINDR for x 1 (t) is given by
Utilizing the same way, by using (4), (9) and (11), the final SINDR for x 2 (t) is derived as
Similarly, by utilizing (6) and (13), the final SINDR for x 3 (t) is obtained as
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By using (7), (12) and (14), the final SINDR for x 4 (t) is given by
With the help of (15) and (16), the final SINDR for group T 1 is given by
Then, by the same way and utilizing (17) and (18), the final SINDR for group T 2 is derived as
Then, with the help of (19) and (20), the final SINDR for the i-th R link is obtained as
Due to opportunistic relay selection scheme is used in the network, so the final SINDR of the system is given by
B. OUTAGE PERFORMANCE OF THE SYSTEM
In wireless communication system, OP is an important performance factor that reflects the system performance, which is defined as the probability the instantaneous SINDR falls below a predefined γ th [41] , [42] . Theorem 1: The OP of the considered network is given by
where
The detailed proof can be seen in Appendix A.
C. ASYMPTOTIC SYSTEM ANALYSIS
Although the exact expression of OP has been derived, it is difficult to obtain more insights from (23) . Therefore, in what follows, the asymptotic analysis for the OP will be derived. In the high SNR regime, which means thatγ → ∞. Hence, only the first summation term of F λ l (x) , l ∈ {1i, 2i, 3i, 4i} should be taken into consideration, since it momentously affects the overall performance while all the other terms approach zero. Accordingly, from Theorem 1, (36) can be further expressed as
where o (x) is the high order infinitesimal of x. Theorem 2: The OP of the considered network at high SNRs is given by
Proof: The detailed proof can be seen in Appendix B. In what follows, the diversity order and the coding gain will be given. In the following, we assume that λ 1i = λ 2i = λ 3i = λ 4i = γ . From the results of Theorem 2, the OP of the system at high SNRs can be written as [43] , [44] 
where G a is derived as (29) , which is shown at the top of next page.
D. ENERGY EFFICIENCY
In wireless networks, EE is a performance criteria is more meaningful than considering transmission rate only. For NOMA-based wireless networks, the EE can be mathematically derived as
where R sys = log 2 (1 + γ e ) is the system sum rate, ζ > 1 is related to the efficiency of power amplifier, P int is the fixed power consumption including circuit power and other overheads.
IV. NUMERICAL RESULTS
In this section, numerical simulations are provided to verify the theoretical analysis and show the impacts of key parameters on the system performance. In what follows, it is assumed that the AWGN affects all receiving nodes equally, namely, δ 2
, then we set
. Furthermore, we assume that the S 1 -i-th R and S 2 -ith R link have the same impairment level in Figures 2-9 as [35] and ζ = 2, P int = 5dBW [45] 6 In all plots, we set
• Case III: Figure 2 plots the OP of the system versus differentγ and N with = 0.01. We can see that the simulation results are tight across the theory results, which implies the correctness of our analytical results. Besides, we also find that the asymptotic curves are nearly the same with simulation results at high SNRs, which confirms the validity of our asymptotic analysis. Furthermore, the OP will be lower when N is growing larger. OP will be lower when the impairments' level of the transmission node is low, for more power is 6 The analytical results are obtained by the Matlab with the help of the derived equations that in the previous sections. Moreover, the Rayleigh channel and the Monte Carlo approach 10 10 iterations are also performed and averaged by Matlab. utilized to the useful transmission. Besides, the OP will have a lower bound whenγ is larger enough, which means when γ is larger than this point, the OP will be constant value. This lower bound is the function of the impairments' level and N . Finally, we find that whenγ is at lower SNR scenario. The diversity order of the system will be larger when N is larger. Figure 3 examines the the OP of the system versus differentγ , k and with N = 2. From Figure 3 , we get that when is becoming larger, the OP will be larger for the reason that larger means that the interference of the system is larger which leads to a higher OP. Moreover, the similar results with
VOLUME 7, 2019 Figure 2 , the OP also have a lower bound whenγ is growing larger. Particularly, we find that, the lower bound is also the function of , when is larger, the OP is larger too, as a result of the larger interference. Figure 4 illustrates the OP of the system versus differentγ , k and Cases with N = 2 with = 0.01. It can be seen that when the the system is under heavy HIs, the OP will be larger. At the same time, when more power is utilized to the worse user, which means the gap of the power allocation factors is larger, the OP will be lower, this is because when more power is used at the worse user, the SINDR of it will be larger, which leads to the lower OP. There is still a lower bound for OP at highγ for different Cases. Figure 5 shows the OP of the system versus N and k with Case I and = 0.01,γ = 30dB. We can see that the simulation results are in agreement with the analytical results. In addition, the OP increases to one with increasing to one, for the reason a larger interference exists in the system. The OP will be larger, when N is smaller. HIs, which has been proved by (23) . When the threshold is larger than the bound, the OP will be always one. From Figure 6 , we also know that the threshold bound of system is the function of the HIs level and the value of . The larger impairments level is, the lower threshold bound would be obtained. Meanwhile, the larger is, the lower threshold bound is. Figure 7 depicts the EE of the system versus different γ , and different Cases with k = 0.15 and N = 2. Figure 8 depicts the EE of the system versus differentγ , k and different Cases with = 0.01 and N = 2. From Figure 7 and Figure 8 , we can know that the EE will have an upper bound which appears at a smallerγ , which means when γ is lower than this turning point, EE will be growing larger, otherwise, EE will be growing lower whenγ is becoming larger. Different power allocation cases have different points. When the gap of two power allocation factors is larger, this turning point is larger. The value of k does not affect this turning point. The value of does not affect this turning point. Although, the value of k and do not affect the turning point, they decide the value of EE, which means a larger k or will have a larger EE for more power is used for the meaningful transmission. Figure 9 depicts the EE of the system versus differentγ , k and N with = 0.01 and Case I. Figure 9 shows that the value of N does not affect the value of turning point for EE. k only decides the value of EE, when k is lager, the EE is lower as a result of more power is used to transmit the HIs noise signal. 
V. CONCLUSION
In this paper, we investigated the performance of NOMA based two-way relay networks with HIs. Firstly, opportunistic relay selection scheme was applied in the considered networks to enhance the spectral efficiency along with the NOMA. Secondly, we derived the closed-form expression for the OP, which showed that the spatial diversity would be increased when using the opportunistic relay selection scheme. The results have shown that the OP would have a lower bound at high SNRs when the system was under HIs. Besides, the larger HIs level and residual interference were, the lower bound of the threshold was. The larger HIs and residual interference were, the lower bound of the threshold was. Thirdly, in order to study the EE of the system, the simulation analysis for EE was also obtained. In order to observe the impacts of HIs level, NOMA and the relay number on the system performance at high SNRs, the asymptotic expressions for the system performance were also derived. In addition, we found that the turning point was the function of the power allocation's gap.
APPENDIX A PROOF OF THEOREM 1
From (23), (24a) and (24b), we know the the key point for deriving the final expression is to obtain the closedexpressions for P γ x 1 (t) (γ th ), P γ x 2 (t) (γ th ), P γ x 3 (t) (γ th ) and P γ x 4 (t) (γ th ).
Next, we take P γ x 1 (t) (γ th ) for example, from (15), we get that
Recalling (3), when γ th < 1 k 1 , the closed-form expression for P γ R i →x 1 (t) (γ th ) can be derived as (33) , which is shown at the top of next page. In (33) ,
Now, what we need is to obtain the probability distribution function (PDF) for the X 1 . In what follows, the detailed steps will be given.
• First, we suppose a general model,
• Secondly, we suppose X = α 2 λ 3i + α 3 λ 4i , with the help of conditional probability, the PDF for X is given by [46] 
As the channel we consider is Rayleigh fading, so the PDF and cumulative distribution function (CDF) for λ l , l ∈ {1i, 2i, 3i, 4i} are, respectively, given by
By submitting (35) into (34), and after some simple steps, the PDF for X is obtained as
• Finally, using the same methods and results with step 2, the PDF for X 1 is given by
(α2λ3i−α1λ2i)(α3λ4i−α2λ3i) and
γ th y+γ th a 1 −a 1 γ th k 1 f X 1 (y) dy.
(39)
Then, utilizing (38) into (39) and with the help of [47] , (39) can be finally obtained as
γ th a 1 −a 1 γ th k 1 . Also from (15) , the other key point is to obtain the closedform expression for P γ S 3 →x 1 (t) (γ th ).
With the help of (10), when γ th <
Then with the help of (35) and (41), (41) can be rewritten as
By submitting (40) and (42) into (32), (32) is rewritten as (43) , which is shown at the top of this page.
With the help of (16) and utilizing the same way with getting P γ x 1 (t) (γ th ), the key point of obtaining the expression of P γ x 2 (t) (γ th ) is to get the expressions of P γ R i →x 2 (t) (γ th ), P γ S 3 →x 2 (t) (γ th ) and P γ S 4 →x 2 (t) (γ th ).
Then, after some necessary works, when γ th < 1 k 2 , the closed-form expression of P γ R i →x 2 (t) (γ th ) is given by
Then, by the same way and with the help of (9) and (11), when γ th <
, P γ S 3 →x 2 (t) (γ th ) and P γ S 4 →x 2 (t) (γ th ) can be rewritten as
With the help of (44), (45) and (45b), the closed-form expression for P γ x 2 (t) (γ th ) is derived as (46) , which is presented at the top of next page.
(48)
So, on the foundation of (19) , P γ iT 1 (γ th ) can be reexpressed as P γ iT 1 (γ th ) = P γ x 1 (t) (γ th ) + P γ x 2 (t) (γ th ) − P γ x 1 (t) (γ th ) P γ x 2 (t) (γ th ) . (47) By submitting (43) and (46) into (47), (47) can be derived as (48), which is shown at the top of this page.
Then, by the similar way, when γ th < min
, the closed-form expressions for P γ x 3 (t) (γ th ) is given by P γ x 3 (t) (γ th )
(53)
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(55)
When γ th < min
, the closedform expression for P γ x 4 (t) (γ th ) is derived as
Then according to (24b) and utilizing (49) and (50) into it, P γ iT 2 (γ th ) is given as (51), which is presented at the top of 11-th page. In (51),
,
γ th a 3 −a 3 γ th k 3 and J = 1 λ 4i γ th a 4 −a 4 γ th k 4 .
Finally, by submitting (48) and (51) into (23), the proof is completed.
APPENDIX B PROOF OF THEOREM 2
From (25) and the above analysis, we know that, the asymptotic analysis for the OP can not be derived in the regular way.
Hence, we change to the other way, we know that when we assume thatλ 1i =λ 2i =λ 3i =λ 4i =λ → ∞, e
SNRs are, respectively, given as (52), which is presented at the top of previous page. (53) and (54) 
